Several surgical options for managing high-grade spondylolisthesis have been described in the literature and range from posterior-only in situ fusion to circumferential fusion with complete reduction of the dislocation. The level of evidence supporting any one technique is weak, and to date there is no Level I or II evidence supporting any current surgical treatment option. Techniques have evolved as implant technology has advanced and surgeons have gained experience with deformity correction. Still, the paucity of cases at any one institution limits the ability to perform clinical studies in a prospective and randomized fashion. To the authors' knowledge, the use of the AxiaLif bolt in a modified Bohlman technique has not been described. In the setting of a case of symptomatic high-grade spondylolisthesis refractory to nonoperative management, the authors describe a modified Bohlman technique in which they used the AxiaLif bolt rather than the fibula graft that was originally described. They then supplemented this with pedicle screw instrumentation and an iliac crest autograft. At the 2-year follow-up exam, the patient exhibited relief of his preoperative back and leg pain and he had returned to all activities. The latest radiographs demonstrated successful fusion. A single-stage, posterior instrumented fusion in which the AxiaLif bolt is used in lieu of fibula autograft or allograft in a modified Bohlman technique is technically less demanding, does not have the morbidity associated with harvesting a fibula autograft, and carries no risk of disease transmission associated with the use of allograft.
S
pondylolySiS occurs in 6% of all adults and progresses to spondylolisthesis in only 15% of these individuals, as indicated in a historic case study by Fredrickson and colleagues. 5 None of the patients in that case study experienced a high-grade spondylolisthesis. However, 19% of patients with spondylolisthesis seen for initial evaluation can have a Meyerding Grade III or IV spondylolisthesis. 2, 16 Surgical management of high-grade cases can be complex, and complications can range from pseudarthrosis and hardware failure to neurological injury. Treatment options include decompression with in situ fusion, partial lumbosacral kyphosis correction without reduction of listhesis and fusion, or complete reduction and fusion. 3, 6, 9, 10 The original Bohlman technique involved posterior-only decompression, instrumentation, and fibular strut graft aiding in situ fusion, and the procedure historically yielded favorable results. 4 To our knowledge, this article is the first to report on a modified Bohlman technique in which a novel implant is used in place of a fibular strut, leading to positive patient outcomes at the 2-year follow-up.
case report

Presentation and Examination
A 15-year-old boy presented with a 1-year history of progressive low-back pain and preexisting hamstring tightness. He previously competed in sports but was unable to participate in any activity at the time of presentation. He complained of occasional referred pain in his legs. He denied any bowel or bladder changes. Physical examination revealed a non-antalgic gait and decreased hip flexion of 30°-40° due to severe hamstring tightness. This was evidenced on a supine straight leg raise test, during which the patient exhibited forward flexion limited to 30° due to hamstring tightness that prevented further elevation. The patient had Grade 4/5 extensor hallucis longus strength bilaterally; otherwise, his muscle strength was Grade 5/5, and findings on his neurological exam were normal. Plain radiography revealed Grade IV dysplastic L5-S1 spondylolisthesis with the following characteristics: a 34° slip angle, 83° lordotic angle, 80% slippage, 89° pelvic incidence, and 38° pelvic tilt (Fig. 1) . Magnetic resonance imaging confirmed these findings. After the failure of nonoperative treatment, which included nonsteroidal antiinflammatory drug (NSAID) treatment, activity modification, and physical therapy with hamstring stretching, the patient and his family elected for him to undergo surgical management.
Original Surgical Technique
In 1982 Bohlman and Cook 4 first described a 1-stage decompression with posterolateral and interbody fusion in which a fibular graft was utilized without reduction for lumbosacral spondyloptosis. As originally described, the patient is placed in the prone position with the right leg draped free to provide the surgeon with access to the graft donor site. Through a single posterior incision from L-3 to S-2, the bony anatomy is exposed by subperiosteal muscle stripping. A wide foraminotomy is performed to decompress the L-5 and S-1 nerve roots. The sacral prominence is osteotomized using a curved osteotome. Using a Penfield elevator, the dura mater is freed from the posterosuperior prominence at S-1. A guide pin is placed between L-5 and S-1 nerve roots on each side. Each pin is approximately 1 cm lateral to the midline and is directed through the S-1 body into the dislocated L-5 body anteriorly. After confirming proper positioning with intraoperative lateral radiography, a cannulated drill bit is drilled over the wire to the desired diameter, taking care not to violate the anterior cortex of the L-5 body. The fibula autograft is harvested and divided longitudinally. One-half of each graft is inserted into the prepared holes and countersunk 2 mm so as not to impinge on the dura. A standard bilateral posterolateral transverse process fusion, from either L-3 or L-4 to the sacral ala, is then performed using iliac crest grafts, and the wound closed.
Modified Surgical Technique
Bohlman's classic technique has been modified since being described more than 30 years ago. The most drastic changes have been the addition of pedicle screws and changing from autograft to allograft fibula. We further modified the technique by using the AxiaLif bolt in lieu of the fibula graft. The patient is placed in the prone position on a 4-post spine table, allowing the abdomen to hang unobstructed. This positioning is critical in treating mobile high-grade spondylolisthesis because it allows correction of the lumbosacral kyphosis associated with the deformity. A posterior midline incision is made to expose the underlying dorsal laminae of L4-S2. Pedicle screws are placed into the L-4 and S-1 pedicles bilaterally. After the L-5 laminectomy is completed, the dura is mobilized from either side (we typically use the left side because the senior spine surgeon, J.G.D., stands on that side). The dura is remarkably mobile below the S-1 nerve roots. Using the interval between the S-1 and S-2 nerve roots, the dura of the cauda equina is mobilized and retracted to allow a midline starting point in the S-1 body. While the dura is retracted and protected, a guidewire is inserted and advanced through the S-1 vertebral body, L5-S1 disc space, and into the body of L-5. The goal is to get the guidewire within 5-8 mm of the anterosuperior aspect of the L-5 body. Sequential drilling over the guidewire is followed by placement of the AxiaLif bolt, posterior to anterior, over the guidewire. The purchase is excellent and provides stable fixation through the mobile segment (a 9-or 10-mm-diameter bolt is typically used). The bolt is advanced until it becomes recessed approximately 3 mm into the sacrum, typically 5-10 mm from the anterosuperior border of L-5 (Fig. 2) . Longitudinal rods are placed bilaterally to connect the pedicle screws, and an iliac crest bone autograft is subsequently placed over the transverse processes of L4-S1.
Postoperative Course
In our case example, the patient's postoperative course was uneventful. He reported early relief of preoperative symptoms and the typical incisional pain postoperatively. He was able to return to full sporting activity, without restrictions, after follow-up imaging demonstrated solid fusion and partial correction of lumbosacral kyphosis to a slippage angle of 10° (80° lordotic angle, 90° pelvic incidence, and 31° pelvic tilt) (Fig. 3) . The degree of spondylolisthesis was not changed. Imaging at 2 years postoperatively demonstrated fusion with no sign of hardware failure or loosening. 1 experienced neurological compromise after surgical reduction. In 1 patient reoperation was required to adjust graft placement to decrease nerve stretch when a lumbar plexus palsy developed unexpectedly after the patient became 3.5 inches taller due to the correction of deformity. The symptoms ultimately resolved in this patient. However, another patient in this series developed permanent foot drop. Hu et al. 8 performed reduction with Edwards instrumentation in 16 patients and reported 4 cases of neurological deficit. Similar to the series treated by Ani et al., 1 patient required immediate reoperation due to lumbar plexus palsy and another had permanent foot drop. Five temporary nerve root lesions and 1 permanent sensory nerve root impairment occurred in 23 patients reported on by Ruf et al. 15 after they performed surgical reduction and fixation. Overall, the authors of these studies reported good to excellent clinical results, but they also described additional complications of infection, reoperation, broken hardware, failure of fixation, loss of reduction, and nonunion. 1, 8, 15 Other studies have compared the results of in situ fusion to reduction for spondylolisthesis in adolescents. Poussa et al.
14 retrospectively reviewed data obtained in 11 patients who underwent staged circumferential reduction and fusion and 11 patients who underwent in situ fusion. At an average follow up of 14.8 years, Oswestry Disability Index and Scoliosis Research Society scores were both significantly improved in the in situ group compared with the reduction group (1.6 vs 7.2 [p = 0.0096] and 90.0 vs 103.9 [p = 0.046], respectively). Disc degeneration at adjacent segments was more common in the reduction group. Complications in the reduction group included an 18% rate of pseudarthrosis and 1 case of nerve root injury. Two patients in the in situ group required immediate reoperation due to bilateral peroneal palsy, which resolved after adjustment of the intercorporeal grafts. This was attributed to the placement an oversized fibular strut graft that resulted in slight correction of the slip causing nerve root distraction. This long-term study offers evidence against anatomical reduction as a necessity for obtaining favorable clinical outcomes.
Correction of lumbosacral kyphosis without reduction of the listhesis is another proposed surgical treatment to increase the rate of fusion and decrease the incidence of neurological injury. Boachie-Adjei et al. 3 retrospectively reviewed the cases of 6 patients in whom posterior correction of lumbosacral kyphosis without reduction and pedicle screw fixation were performed; at an average follow-up of 42.6 months, they found that all patients had solid fusion, improvement of slip angle, and no neurological injuries. No significant difference in the percentage slip or sacral inclination was observed postoperative. This study demonstrates that optimal treatment includes correction of lumbosacral kyphosis and not necessarily the percentage slip that can lead to neurological insult. Biomechanically this principle has been demonstrated by Petraco et al., 13 who evaluated nerve root tension throughout reduction maneuvers. A mean nerve strain of 4% for the L-5 nerve root was found during the initial 50% of reduction. This strain increases to 10% during the second half of reduction and is responsible for the majority of strain applied to the nerve root.
The modified Bohlman technique with a AxiaLif bolt provides excellent fixation to allow successful fusion and positive clinical outcomes. No significant difference has been reported between autograft and allograft fibular strut grafts, but neither is without its disadvantages. 7 For the autograft, a separate surgical site is needed for harvesting of the fibular bone. For the allograft, while fibular strut grafting has become more common since the expansion of tissue banks, allografts carry the potential risk of disease transmission and theoretically have a slower remodeling rate. 7, 11, 12 Elimination of the fibular strut graft decreases these morbidities and expedites surgery by avoiding the need to customize the press-fit drilling and placement of grafts of variable geometrical shapes. If revision surgery were necessary, the implant could be backed out after appropriate exposure.
conclusions
The AxiaLif bolt, used in a modification of the Bohlman technique involving partial lumbosacral kyphosis reduction and fusion, allowed for excellent fixation in the reported case. The procedure is less technically demanding than the press-fit techniques needed with fibular strut graft implantation. The presented case demonstrated solid fusion and positive clinical outcome without neurological injury. 
